Abstract: Using laser beam as main heat source, and trailing arc as an assisted role, aluminum alloy was joined to galvanized steel in a butt configuration. Under suitable welding parameters, a sound welding seam was obtained. The interface intermetallic compounds layer and wetting behavior of weld joint were studied. The assisted arc can improve the wetting and spreading ability of weld pool duo to large temperature field. There are two different types of IMCs: near to the steel side one is Fe 2 Al 5 with tooth-like shape and near to the weld seam side is the other one Fe 4 Al 13 with flocculent-like shape. The highest tensile strength can reach 163 MPa when the fracture occurred at the weld seam.
Introduction
In recent years, low carbon emission and lightweight design have been concerned by the automobile industry [1] . Using the aluminum and steel hybrid structure to replace the traditional single steel structure can effectively reduce the weight of the car body [2] . However, there are some differences of physical properties between aluminum and steel, such as the melting point and the linear expansion coefficient, etc. It is difficult to realize the metallurgical bonding using the conventional fusion welding.
To realize a high quality welding of aluminum and steel welding, the welding brazing method was proposed. [3] . In the welding brazing process, the heat source is mainly used for melting the base metal with lower melting point, and then the brazing joint was formed by wetting of molten metal [4] . There are various investigations on the aluminum and steel welding brazing process, including laser beam welding [4] [5] [6] , CMT (cold metal transfer) welding [7] [8] [9] , and TIG (tungsten inert gas) arc welding [10, 11] . However, there are two major issues that have limited the welding brazing of steel and aluminum; one is the poor wetting ability of weld pool, and the other is the generation of brittle and hard intermetallic compounds (IMC), which can introduce deleterious effect on the welded joints [12] . At present, the main welding heat sources used in the aluminum/steel welding brazing are laser and arc, the welding method which uses the laser as the heat source can achieve high efficiency and accurate welding [13, 14] . But the laser source is concentrated at one point, and the capability of wetting and spreading of the molten pool becomes poor [15] . The wetting problem becomes more serious during the welding-brazing process of the butt configuration. To improve the wetting and spreading ability of weld pool, Laukant et al. [16] used dual-spot laser beam to joined steel plate to aluminum alloy plate, and they suggested that a larger heating area can provide a better back Metals 2019, 9, 397 2 of 14 formation of weld seam, and the better wetting and spreading ability resulted in a higher strength of the joint. Using laser welding-brazing to join a 6016 aluminum plate and a low carbon steel plate, Alexandre et al. [17] studied the relationship between the tensile strength, and wetting length (L), and wetting angle (θ). They found that a larger L/θ ratio could improve the tensile strength of the joint.
In addition to wetting and spreading factor, the interfacial IMC also had a significant influence on the mechanical properties of weld joint. Sun et al. [18] found that the IMC layer was composed by Fe 2 Al 5 phase and FeAl 3 phase during Al-steel laser welding brazing. They discovered that the total thickness of IMC would become larger with the increase of laser power, and the highest tensile strength of weld joint could be obtained when the laser power of 3.05 kW. Using hot dip aluminizing on the steel surface, Shahverdi et al. [19] analyzed the microstructure of the IMC layer, and they found that the growth speed of Fe 2 Al 5 phase was higher than FeAl 3 phase. Zhang et al. [20] suggested that the IMC layer was inevitably generated at the interface, and when the thickness of the IMC layer exceeded a certain range, the joint mechanical properties would be greatly deteriorated. The composition distribution and thickness of the IMC were controlled, the welding process parameters could be optimized to improve the mechanical properties of the joint.
In the present study, to improve the wetting ability of weld pool, we proposed an arc assisted laser welding brazing method. The aluminum alloy was joined to the galvanized steel by Tungsten inert gas (TIG) arc-assisted laser welding brazing. In the process, the laser beam was put in front of the assisted arc for melting the aluminum alloy, the assisted arc changed the temperature field, and increased the wetting ability of the molten metal. This study focused on investigating the interfacial microstructure and weld seam formation in the arc assisted laser welding-brazing process. The mechanical properties and fracture behavior of joints at different welding parameters were also discussed.
Experimental Details

Materials
The materials used for joining are ST04Z galvanized steel and 5A06 aluminum alloy. The dimensions of steel and aluminum plates are 150 × 50 × 1 mm 3 and 150 × 50 × 2 mm 3 , respectively. Table 1; Table 2 list the chemical compositions of galvanized steel and 5A06 Al alloy, respectively. Pre-placed powder and flux were properly dissolved in acetone and applied on the surface of work-pieces. The main compositions of powder are Mg 5-8, Si 1-3, Mn 1-3, B 0.5-1, Zn 5-10, Al 75-88.5 in weight percent (wt. %). 
Experimental Procedure
A high-power transverse flow CO 2 laser equipment (GS-TFL-10K) (Wuhan Hans Goldensky laser system Co., Ltd., Wuhan, China) and an AC-TIG welder (TSP300) (Shenzhen Huayilong Electric Co., Ltd., Shenzhen, China) were used to join the Al alloy plate and the steel plate, in which the TIG welder provided the arc to assist the laser beam. The main parameters of CO 2 laser equipment are as follows: the maximum output power of 10.0 KW, laser beam diameter is 0.4 mm. Before the welding, a mechanical grinding was used to remove the oxides layer on the surface of Aluminum plate, and the pre-placed powder and flux were mixed with acetone and then applied on the surface of the Metals 2019, 9, 397 3 of 14 work-pieces. The aluminum plate and the galvanized steel plate were placed in the same horizontal plane and then fixed on the self-made welding fixture; the butt joint was adopted in this experiment. The welding schematic is shown in Figure 1 .
the pre-placed powder and flux were mixed with acetone and then applied on the surface of the work-pieces. The aluminum plate and the galvanized steel plate were placed in the same horizontal plane and then fixed on the self-made welding fixture; the butt joint was adopted in this experiment. The welding schematic is shown in Figure 1 . During the welding process, argon was used to shield the molten pool from air; shielding gas flow rate was 10 L/min, welding speed kept unchanged at 10 mm/s, and the heat input can be expressed as: H = P/v + UI/v, where the p is laser power, U is the arc voltage, I is the arc current, and the v is the welding speed. The main welding parameters are listed in Table 3 . After the welding, the surface of the work-piece was lightly ground by an abrasive paper. Specimens for the microstructure analysis were cut from the Al-Steel weld joint; the surface of the specimens was mechanically ground and polished to have mirror-like quality. Microstructure and composition of the interfacial layer were identified using JSM-6701F scanning electron microscopy（ SEM） (JEOL (BEIJING) CO., Ltd., Beijing, China) equipped with energy dispersive spectrometer (EDS) (JEOL (BEIJING) CO., Ltd., Beijing, China). The phase composition in the interfacial layer was identified by TN-570X X-ray diffraction (XRD) (Shimadzu (China) CO., Ltd., Beijing, China) using Cu-Kα radiation with step size of 0.02° and step time of 60 s. The tensile test was carried out at room temperature by the WDW-300J tensile testing machine (Nanjing OuChengjing Testing Equipment During the welding process, argon was used to shield the molten pool from air; shielding gas flow rate was 10 L/min, welding speed kept unchanged at 10 mm/s, and the heat input can be expressed as: H = P/v + UI/v, where the p is laser power, U is the arc voltage, I is the arc current, and the v is the welding speed. The main welding parameters are listed in Table 3 . After the welding, the surface of the work-piece was lightly ground by an abrasive paper. Specimens for the microstructure analysis were cut from the Al-Steel weld joint; the surface of the specimens was mechanically ground and polished to have mirror-like quality. Microstructure and composition of the interfacial layer were identified using JSM-6701F scanning electron microscopy (SEM) (JEOL (BEIJING) CO., Ltd., Beijing, China) equipped with energy dispersive spectrometer (EDS) (JEOL (BEIJING) CO., Ltd., Beijing, China). The phase composition in the interfacial layer was identified by TN-570X X-ray diffraction (XRD) (Shimadzu (China) CO., Ltd., Beijing, China) using Cu-Kα radiation with step size of 0.02 • and step time of 60 s. The tensile test was carried out at room temperature by the WDW-300J tensile testing machine (Nanjing OuChengjing Testing Equipment Co., Ltd., Nanjing, China). According to the weld joints strength test from the reference [21, 22] , we designed the tensile specimens as shown in Figure 2 . The tensile strength can be calculated as:
here F is the maximum load, A is cross section area of fracture position, l is the width of tensile strength test sample (10 mm), α is the height of fracture surface. The height (α) and width (l) are measured using a Vernier caliper. The engineering strain is defined as ∆L/L 0 , where ∆L and L 0 are the elongation length and initial lengths respectively. Co., Ltd., Nanjing, China). According to the weld joints strength test from the reference [21, 22] , we designed the tensile specimens as shown in Figure 2 . The tensile strength can be calculated as:
here F is the maximum load, A is cross section area of fracture position, l is the width of tensile strength test sample (10 mm), α is the height of fracture surface. The height (α) and width (l) are measured using a Vernier caliper. The engineering strain is defined as ΔL/L0, where ΔL and L0 are the elongation length and initial lengths respectively. 
Numerical Analysis of Temperature Field
A FEM analysis was used to calculate the temperature field. The flow of the molten pool was ignored in the calculation of the temperature distribution during welding. The governing equation can be expressed by the following equation [23] 
where is the density of base material, μ, , and is fluid velocity in , , and directions respectively, and φ is solving variables such as temperature, speed, etc. is generalized diffusion coefficient, and s is source term such as mass source term, energy source term, and momentum source term.
The thermal boundary condition of the upper surface of work piece can satisfy the following formulations [24] :
here λ is thermal conductivity, hc is the heat transfer coefficient, β is the Boltzmann constant, ε is the radiation coefficient of surface, HV is latent heat of vaporization, qarc and qlaser represent the arc heat flux and laser heat flux which can be expressed by the following equations [25] :
For the front heat source:
For the rear heat source: Figure 2 . The geometry of tensile specimens and fracture surface.
A FEM analysis was used to calculate the temperature field. The flow of the molten pool was ignored in the calculation of the temperature distribution during welding.
The governing equation can be expressed by the following equation [23] ∂(ρϕ) ∂t
where ρ is the density of base material, µ, ν, and ω is fluid velocity in x, y, and z directions respectively, and ϕ is solving variables such as temperature, speed, etc. Γ is generalized diffusion coefficient, and s is source term such as mass source term, energy source term, and momentum source term.
here λ is thermal conductivity, h c is the heat transfer coefficient, β is the Boltzmann constant, ε is the radiation coefficient of surface, H V is latent heat of vaporization, q arc and q laser represent the arc heat flux and laser heat flux which can be expressed by the following equations [25] : For the front heat source:
For the rear heat source:
here η is the heat efficiency, U 1 is welding voltage, I 2 is the welding current, Q 2 is laser power; a f1 , a r1 , b h1 , are arc heat source model parameters; a f2 , a r2 , b h2 are laser heat source model parameters; v 0 is heat source velocity.
Results and Discussion
Arc Effect on the Formation of Weld Seam
In the welding brazing process, the wetting and spreading behavior of Al molten pool on the steel surface determined the formation of weld seam [26] . In the present study, the weld seam morphology was mainly evaluated based on its continuity and back formation. Figure 3 shows the morphologies of top and back surfaces of the welding seams formed by single laser and arc assisted laser welding processes, respectively. Both the two methods can get continuous front formation of the weld seam, however, the back formation of arc assisted laser method exhibited a better wetting and spreading morphology than single laser welding brazing. This result suggests that assisted arc improves the wettability and fluidity of Al molten pool and helps the Al molten pool spread to the back surface of the steel plate. 
here η is the heat efficiency, U1 is welding voltage, I2 is the welding current, Q2 is laser power; af1, ar1, bh1, are arc heat source model parameters; af2, ar2, bh2 are laser heat source model parameters; v0 is heat source velocity.
Results and Discussion
Arc Effect on the Formation of Weld Seam
In the welding brazing process, the wetting and spreading behavior of Al molten pool on the steel surface determined the formation of weld seam [26] . In the present study, the weld seam morphology was mainly evaluated based on its continuity and back formation. Figure 3 shows the morphologies of top and back surfaces of the welding seams formed by single laser and arc assisted laser welding processes, respectively. Both the two methods can get continuous front formation of the weld seam, however, the back formation of arc assisted laser method exhibited a better wetting and spreading morphology than single laser welding brazing. This result suggests that assisted arc improves the wettability and fluidity of Al molten pool and helps the Al molten pool spread to the back surface of the steel plate.
Welding method Top view Back view
Single laser Arc assisted laser Figure 4 shows SEM images of the cross-sections of Al-steel butt joints formed by single laser and arc-assisted laser welding processes. The length of bottom wetting zone in arc assisted laser was about 2 mm, while it was 0.5 mm in single laser welding. In general, the welding seam produced by the arc assisted laser welding is better than that by the single laser welding. Especially, the wetting and spreading of back formation. Such trend is likely due to the arc-induced change of the heat conduction during the cooling (solidification) stage. Figure 4 shows SEM images of the cross-sections of Al-steel butt joints formed by single laser and arc-assisted laser welding processes. The length of bottom wetting zone in arc assisted laser was about 2 mm, while it was 0.5 mm in single laser welding. In general, the welding seam produced by the arc assisted laser welding is better than that by the single laser welding. Especially, the wetting and spreading of back formation. Such trend is likely due to the arc-induced change of the heat conduction during the cooling (solidification) stage. Figure 6 shows the temperature field of molten pool (X-Y plane) in the single laser and arc assisted laser welding process. As can be seen from Figure 6 , the temperature field distribution of the molten pool under the action of a single laser and arc assisted laser is similar to the double ellipse distribution. The temperature distributions on both sides of aluminum/steel were asymmetric. As shown in Figure 6b , due to the addition of the assisted arc, the temperature field distribution of the base metal surface becomes larger than that in the single laser process, and the maximum temperature of the molten pool reaches 1002.54 K. The heat input from the arc can increase the spreading time of the molten metal in the welding pool, thus forming a better joint. Adding arc in the laser welding helps enhances the heat conduction, which allows the molten metal to have enough time to wet on the surfaces of the workpiece and to solidify in a little longer time. Figure 6 shows the temperature field of molten pool (X-Y plane) in the single laser and arc assisted laser welding process. As can be seen from Figure 6 , the temperature field distribution of the molten pool under the action of a single laser and arc assisted laser is similar to the double ellipse distribution. The temperature distributions on both sides of aluminum/steel were asymmetric. As shown in Figure 6b , due to the addition of the assisted arc, the temperature field distribution of the base metal surface becomes larger than that in the single laser process, and the maximum temperature of the molten pool reaches 1002.54 K. The heat input from the arc can increase the spreading time of the molten metal in the welding pool, thus forming a better joint. Adding arc in the laser welding helps enhances the heat conduction, which allows the molten metal to have enough time to wet on the surfaces of the workpiece and to solidify in a little longer time. Figure 6 shows the temperature field of molten pool (X-Y plane) in the single laser and arc assisted laser welding process. As can be seen from Figure 6 , the temperature field distribution of the molten pool under the action of a single laser and arc assisted laser is similar to the double ellipse distribution. The temperature distributions on both sides of aluminum/steel were asymmetric. As shown in Figure 6b , due to the addition of the assisted arc, the temperature field distribution of the base metal surface becomes larger than that in the single laser process, and the maximum temperature of the molten pool reaches 1002.54 K. The heat input from the arc can increase the spreading time of the molten metal in the welding pool, thus forming a better joint. Adding arc in the laser welding helps enhances the heat conduction, which allows the molten metal to have enough time to wet on the surfaces of the workpiece and to solidify in a little longer time. 
Microstructures and Phase Identification of IMCs Layer
It is known that the structure and thickness of IMC layers play important roles in determining the mechanical behavior of welding joints [27] . A typical cross-section of weld joint was selected to observe the IMC layer. The specimen was obtained using the following process parameters: laser power of 1200 W, welding speed of 10 mm/s, heat distance of 15 mm, and arc current of 15 A. Figure 7 shows the IMC layers formed at three spots of A, B, and C around a welding joint. One can easily observe the non-smooth interfaces of the IMC layer formed between the steel and the Al alloy weld seam. The thickness of the IMC layer changes with the location along the interfaces. For example, the average thickness of the IMC layer is 13 μm over the spot of B and 9 μm over the spot of C. In general, the IMC layer around the edge containing the spot B is thicker than those along the edges containing spots of A and C, since it takes more time for the completeness of solidification along the edge containing the spot B. To better understand the thickness changes of IMC layer at the interface, the temperature profiles of three positions at the interface were obtained by FEM calculated model. Figure 8 shows temperature curves of interface obtained from calculated results at heat input of 1.2 KJ/cm. The liquid/solid reaction time of the three curves are essentially equal, but the peak temperatures from 
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It is known that the structure and thickness of IMC layers play important roles in determining the mechanical behavior of welding joints [27] . A typical cross-section of weld joint was selected to observe the IMC layer. The specimen was obtained using the following process parameters: laser power of 1200 W, welding speed of 10 mm/s, heat distance of 15 mm, and arc current of 15 A. Figure 7 shows the IMC layers formed at three spots of A, B, and C around a welding joint. One can easily observe the non-smooth interfaces of the IMC layer formed between the steel and the Al alloy weld seam. The thickness of the IMC layer changes with the location along the interfaces. For example, the average thickness of the IMC layer is 13 μm over the spot of B and 9 μm over the spot of C. In general, the IMC layer around the edge containing the spot B is thicker than those along the edges containing spots of A and C, since it takes more time for the completeness of solidification along the edge containing the spot B. To better understand the thickness changes of IMC layer at the interface, the temperature profiles of three positions at the interface were obtained by FEM calculated model. Figure 8 shows temperature curves of interface obtained from calculated results at heat input of 1.2 KJ/cm. The liquid/solid reaction time of the three curves are essentially equal, but the peak temperatures from To better understand the thickness changes of IMC layer at the interface, the temperature profiles of three positions at the interface were obtained by FEM calculated model. Figure 8 shows temperature curves of interface obtained from calculated results at heat input of 1.2 KJ/cm. The liquid/solid reaction time of the three curves are essentially equal, but the peak temperatures from three positions are difference and the thickness of IMC layer becomes thick with the temperature increase. It indicated that the IMC thickness is mainly depended on the peak temperature. In order to identify the phase compositions of the IMC layer, an EDS line scanning analyses of the IMC layer was performed, as shown in Figure 9 . It is evident that both Fe and Al uniformly distributed in the corresponding regions, i.e., the steel and the Al alloy, as expected, since no IMC can be observed in the steel matrix, and there are only a small amounts of IMC randomly distributed in the welding seam. According to the EDS pattern of the line scan, the IMC layer can be divided into two layers of I and II. In the layer I, both the fractions of Al and Fe remain relatively unchanged with the change of the distance to the steel/IMC interface. In the layer II, the fraction of Fe decreases with the decrease of the distance to the interface between the IMC layer and the welding seam, while the fraction of Al increases with the decrease of the distance to the IMC/weld seam interface. Such behavior suggests that the IMC in the layer I has different structure with that in the layer II. It is worth pointing out that there are little amounts of other elements presented in the IMC layers. The EDS point analysis of the IMCs was performed for the positions A and B as labeled in Figure 9 , the atomic ratio of Al to Fe is in the range of 65/27 (~5:2) to 77/22 (~3:1), which suggests the formation of Fe2Al5 and Fe4Al13 IMC. The XRD analysis results of fracture plane in steel side, as shown in Figure 10 . The XRD results show that the reaction layer included two different kinds IMC: Fe4Al13 and Fe2Al5. According to FeAl equilibrium phase diagram [28] , six non-stoichiometric IMC of Fe3Al, FeAl, FeAl2, Fe2Al3, Fe2Al5, and Fe4Al13 possibly form during reaction between iron and aluminum. Previous studies about the welding of aluminum alloy to steel indicated that the formed compound near welded seam was intermetallic compounds FeAl3 phase [29, 30] . Van et al. [31] state that the η phase has two term name of "Fe4Al13" and "FeAl3", while Fe4Al13 is more accurate expression. The IMC layer can be divided In order to identify the phase compositions of the IMC layer, an EDS line scanning analyses of the IMC layer was performed, as shown in Figure 9 . It is evident that both Fe and Al uniformly distributed in the corresponding regions, i.e., the steel and the Al alloy, as expected, since no IMC can be observed in the steel matrix, and there are only a small amounts of IMC randomly distributed in the welding seam. According to the EDS pattern of the line scan, the IMC layer can be divided into two layers of I and II. In the layer I, both the fractions of Al and Fe remain relatively unchanged with the change of the distance to the steel/IMC interface. In the layer II, the fraction of Fe decreases with the decrease of the distance to the interface between the IMC layer and the welding seam, while the fraction of Al increases with the decrease of the distance to the IMC/weld seam interface. Such behavior suggests that the IMC in the layer I has different structure with that in the layer II. It is worth pointing out that there are little amounts of other elements presented in the IMC layers. The EDS point analysis of the IMCs was performed for the positions A and B as labeled in Figure 9 , the atomic ratio of Al to Fe is in the range of 65/27 (~5:2) to 77/22 (~3:1), which suggests the formation of Fe 2 Al 5 and Fe 4 Al 13 IMC. In order to identify the phase compositions of the IMC layer, an EDS line scanning analyses of the IMC layer was performed, as shown in Figure 9 . It is evident that both Fe and Al uniformly distributed in the corresponding regions, i.e., the steel and the Al alloy, as expected, since no IMC can be observed in the steel matrix, and there are only a small amounts of IMC randomly distributed in the welding seam. According to the EDS pattern of the line scan, the IMC layer can be divided into two layers of I and II. In the layer I, both the fractions of Al and Fe remain relatively unchanged with the change of the distance to the steel/IMC interface. In the layer II, the fraction of Fe decreases with the decrease of the distance to the interface between the IMC layer and the welding seam, while the fraction of Al increases with the decrease of the distance to the IMC/weld seam interface. Such behavior suggests that the IMC in the layer I has different structure with that in the layer II. It is worth pointing out that there are little amounts of other elements presented in the IMC layers. The EDS point analysis of the IMCs was performed for the positions A and B as labeled in Figure 9 , the atomic ratio of Al to Fe is in the range of 65/27 (~5:2) to 77/22 (~3:1), which suggests the formation of Fe2Al5 and Fe4Al13 IMC. The XRD analysis results of fracture plane in steel side, as shown in Figure 10 . The XRD results show that the reaction layer included two different kinds IMC: Fe4Al13 and Fe2Al5. According to FeAl equilibrium phase diagram [28] , six non-stoichiometric IMC of Fe3Al, FeAl, FeAl2, Fe2Al3, Fe2Al5, and Fe4Al13 possibly form during reaction between iron and aluminum. Previous studies about the welding of aluminum alloy to steel indicated that the formed compound near welded seam was intermetallic compounds FeAl3 phase [29, 30] . Van et al. [31] state that the η phase has two term name of "Fe4Al13" and "FeAl3", while Fe4Al13 is more accurate expression. The IMC layer can be divided The XRD analysis results of fracture plane in steel side, as shown in Figure 10 . into two sublayers, as above analysis; one consists of Fe2Al5 IMC, and the other consists of Fe4Al13 IMC. The interface between the Fe2Al5 phase and the steel is presented in the needle-like shape, and the interface between the Fe4Al13 phase and the Al alloy is presented in the flocculent-like shape. The hardness of the microstructure near the interface was measured by a Vickers indenter. Figure 11 shows the distribution of the Vickers hardness across the interface. The Al has the lowest Vickers hardness, as expected. It worth to point that the IMC layer has the highest Vickers hardness and the hardness of IMC is 5-6 times higher than the Al base metal. This result indicates that comparing to the base metals, the intermetallic compounds are more brittle and have large resistances to the penetration of an indenter onto the surface. The crack was easily generated in the IMC layer. 
Mechanical Properties of Joints
To compare the mechanical property between single laser welding and arc assisted laser welding, tensile tests of the tensile specimens were performed. Figure 12 shows the engineering stress-strain curves for the welded joint prepared by using single laser and arc assisted laser in the same welding parameters. The tensile strength value of the weld joint obtained by arc-assisted laser welding brazing was about 1.3 times than that in single laser welding brazing process. The highest value was near to 163 MPa, which almost 5A06 aluminum alloy strength for 74% (Under the same test conditions, the tensile strength of 5A06 aluminum alloy is 219 MPa), it indicates that the addition of arc can improve the tensile strength of aluminum/steel butt joint. The hardness of the microstructure near the interface was measured by a Vickers indenter. Figure 11 shows the distribution of the Vickers hardness across the interface. The Al has the lowest Vickers hardness, as expected. It worth to point that the IMC layer has the highest Vickers hardness and the hardness of IMC is 5-6 times higher than the Al base metal. This result indicates that comparing to the base metals, the intermetallic compounds are more brittle and have large resistances to the penetration of an indenter onto the surface. The crack was easily generated in the IMC layer. The hardness of the microstructure near the interface was measured by a Vickers indenter. Figure 11 shows the distribution of the Vickers hardness across the interface. The Al has the lowest Vickers hardness, as expected. It worth to point that the IMC layer has the highest Vickers hardness and the hardness of IMC is 5-6 times higher than the Al base metal. This result indicates that comparing to the base metals, the intermetallic compounds are more brittle and have large resistances to the penetration of an indenter onto the surface. The crack was easily generated in the IMC layer. 
To compare the mechanical property between single laser welding and arc assisted laser welding, tensile tests of the tensile specimens were performed. Figure 12 shows the engineering stress-strain curves for the welded joint prepared by using single laser and arc assisted laser in the same welding parameters. The tensile strength value of the weld joint obtained by arc-assisted laser welding brazing was about 1.3 times than that in single laser welding brazing process. The highest value was near to 163 MPa, which almost 5A06 aluminum alloy strength for 74% (Under the same test conditions, the tensile strength of 5A06 aluminum alloy is 219 MPa), it indicates that the addition of arc can improve the tensile strength of aluminum/steel butt joint. 
To compare the mechanical property between single laser welding and arc assisted laser welding, tensile tests of the tensile specimens were performed. Figure 12 shows the engineering stress-strain curves for the welded joint prepared by using single laser and arc assisted laser in the same welding parameters. The tensile strength value of the weld joint obtained by arc-assisted laser welding brazing was about 1.3 times than that in single laser welding brazing process. The highest value was near to 163 MPa, which almost 5A06 aluminum alloy strength for 74% (Under the same test conditions, the tensile strength of 5A06 aluminum alloy is 219 MPa), it indicates that the addition of arc can improve the tensile strength of aluminum/steel butt joint. To understand the relationship between the wetting width and tensile strength, the fracture mode and wetting width under different welding heat input were analyzed. The total wetting width can be expressed:
here Wt is the total wetting width, Wb is the wetting width of back formation, and the Wf is the wetting width of front formation. Figure 13 shows the typical failure modes of joint that was obtained in different welding heat input for arc assisted laser welding. The total wetting width increase with the heat input increase. When the heat input was lower, the specimen was failure at the wetting and spreading zone due to the poor wetting ability of the weld pool. The highest tensile strength was 163 MPa when the weld joint failure at the weld seam. The worst case of tensile properties was fractured along the aluminum/steel interface with average tensile strength of 98 MPa when the total heat input exceeds 1.5 KJ/cm. In this case, the total width was about 5.7 mm, however, duo to the heat input was higher, the thickness of IMC exceeded permissible value (about 10 μm) [32] and the mechanical properties become worse. Note that a smooth edge morphology of fracture joint was appeared when the heat input exceeds 1.5 KJ/cm, it can be attributed to a brittle fracture caused by IMC layer. To improve the tensile strength of welded joints, one needs to limit the thickness of IMC. As discussed in introduction part, the IMC layer plays an important role in determining the structural durability of the structures consisting of welded joints. To examine the effect of the IMC layer (welded joints) on the Al/steel weld joint, tensile tests of the tensile specimens were performed. To understand the relationship between the wetting width and tensile strength, the fracture mode and wetting width under different welding heat input were analyzed. The total wetting width can be expressed:
here W t is the total wetting width, W b is the wetting width of back formation, and the W f is the wetting width of front formation. Figure 13 shows the typical failure modes of joint that was obtained in different welding heat input for arc assisted laser welding. The total wetting width increase with the heat input increase. When the heat input was lower, the specimen was failure at the wetting and spreading zone due to the poor wetting ability of the weld pool. The highest tensile strength was 163 MPa when the weld joint failure at the weld seam. The worst case of tensile properties was fractured along the aluminum/steel interface with average tensile strength of 98 MPa when the total heat input exceeds 1.5 KJ/cm. In this case, the total width was about 5.7 mm, however, duo to the heat input was higher, the thickness of IMC exceeded permissible value (about 10 µm) [32] and the mechanical properties become worse. Note that a smooth edge morphology of fracture joint was appeared when the heat input exceeds 1.5 KJ/cm, it can be attributed to a brittle fracture caused by IMC layer. To improve the tensile strength of welded joints, one needs to limit the thickness of IMC. To understand the relationship between the wetting width and tensile strength, the fracture mode and wetting width under different welding heat input were analyzed. The total wetting width can be expressed:
here Wt is the total wetting width, Wb is the wetting width of back formation, and the Wf is the wetting width of front formation. Figure 13 shows the typical failure modes of joint that was obtained in different welding heat input for arc assisted laser welding. The total wetting width increase with the heat input increase. When the heat input was lower, the specimen was failure at the wetting and spreading zone due to the poor wetting ability of the weld pool. The highest tensile strength was 163 MPa when the weld joint failure at the weld seam. The worst case of tensile properties was fractured along the aluminum/steel interface with average tensile strength of 98 MPa when the total heat input exceeds 1.5 KJ/cm. In this case, the total width was about 5.7 mm, however, duo to the heat input was higher, the thickness of IMC exceeded permissible value (about 10 μm) [32] and the mechanical properties become worse. Note that a smooth edge morphology of fracture joint was appeared when the heat input exceeds 1.5 KJ/cm, it can be attributed to a brittle fracture caused by IMC layer. To improve the tensile strength of welded joints, one needs to limit the thickness of IMC. As discussed in introduction part, the IMC layer plays an important role in determining the structural durability of the structures consisting of welded joints. To examine the effect of the IMC layer (welded joints) on the Al/steel weld joint, tensile tests of the tensile specimens were performed. As discussed in introduction part, the IMC layer plays an important role in determining the structural durability of the structures consisting of welded joints. To examine the effect of the IMC layer (welded joints) on the Al/steel weld joint, tensile tests of the tensile specimens were performed.
As the tensile strength and IMC were mainly affected by the heat source, we selected three main parameters (laser heat input, assisted arc current, and heat source distance) as variables. The tensile strength of the joint and the thickness of the IMC were measured under the same welding parameters. As shown in Figure 14 , the thickness of the IMC increases linearly with the increase of the process parameters, while the tensile strength reaches certain value and then drops rapidly. This implied that due to the high heat input, the excessive growth of IMC layer led to the poor tensile strength of the joint. Therefore, in order to improve the strength of joint, it should control the heat input. The maximum tensile strength can reach 163 MPa When the IMC thickness between 8 µm and 12 µm. Tensile strength decreased rapidly when the thickness of the compound was more than 13 µm. Comparing Figure 14a ,c to Figure 14b , Figure 14b had a more slowly decreasing trend in the process of tensile strength reduction. It indicates that the appropriate heat distance between laser and arc can improve tensile strength due to good weld appearance. As the tensile strength and IMC were mainly affected by the heat source, we selected three main parameters (laser heat input, assisted arc current, and heat source distance) as variables. The tensile strength of the joint and the thickness of the IMC were measured under the same welding parameters. As shown in Figure 14 , the thickness of the IMC increases linearly with the increase of the process parameters, while the tensile strength reaches certain value and then drops rapidly. This implied that due to the high heat input, the excessive growth of IMC layer led to the poor tensile strength of the joint. Therefore, in order to improve the strength of joint, it should control the heat input. The maximum tensile strength can reach 163 MPa When the IMC thickness between 8 μm and 12 μm.
Tensile strength decreased rapidly when the thickness of the compound was more than 13 μm.
Comparing Figure 14a ,c to Figure 14b , Figure 14b had a more slowly decreasing trend in the process of tensile strength reduction. It indicates that the appropriate heat distance between laser and arc can improve tensile strength due to good weld appearance. In order to further understand the fracture behavior of the arc assisted laser welding brazing tensile specimens, the fractured surfaces were observed by SEM, the typical fracture surface images were shown in Figure 15 . As shown in Figure 15a , there are a large number of dimples in the fracture surface, and exhibited the typical ductile fracture when the fracture occurred at the weld seam of the aluminum alloy. Figure 15b shows the morphology of the tensile specimen detached along the IMC layer which exhibited brittle fracture pattern. As shown in Figure 15b , the fracture surface presented typical cleavage fracture with river pattern strips, it can be attributed to the lattice mismatch inside the IMC layer [33] . At a suitable heat input, the weld joint will fracture at the weld seam and shows a high tensile strength. On the other hand, a higher heat input will cause the excessive growth of the IMC layer, and the crack will generate at the IMC layer and rapidly propagate along the interface, which results in a poor tensile mechanical properties of the joint. In order to further understand the fracture behavior of the arc assisted laser welding brazing tensile specimens, the fractured surfaces were observed by SEM, the typical fracture surface images were shown in Figure 15 . As shown in Figure 15a , there are a large number of dimples in the fracture surface, and exhibited the typical ductile fracture when the fracture occurred at the weld seam of the aluminum alloy. Figure 15b shows the morphology of the tensile specimen detached along the IMC layer which exhibited brittle fracture pattern. As shown in Figure 15b , the fracture surface presented typical cleavage fracture with river pattern strips, it can be attributed to the lattice mismatch inside the IMC layer [33] . At a suitable heat input, the weld joint will fracture at the weld seam and shows a high tensile strength. On the other hand, a higher heat input will cause the excessive growth of the IMC layer, and the crack will generate at the IMC layer and rapidly propagate along the interface, which results in a poor tensile mechanical properties of the joint.
